Introduction
In an HPC system there is a constant need for increasing the density of processors within a given volume. However, there are limitations that occur when wired interconnects and traditional 2D Printed Circuit-Board (PCB) modules are stacked. Also, the thermal issues become more serious in a system that achieves higher density and ever faster CPU cores, leading to the need for liquid cooling. Both issues indicate that a high-density system should attempt to eliminate traditional 2D PCB planes and avoid hard-wired interconnects if realistic alternatives can be employed. The purpose of our evaluations, in this paper, is to determine if the performance constraints for such a system are within the range that makes them competitive with existing systems, and ultimately more capable, as scaling reduces the size of nodes and increases the number of nodes in an array.
Wireless technologies have not been regarded as serious options for an interconnect network in high-performance computing thus far. This is mainly because of their size, energy demands and transfer rates. Considering new developments in on-chip high-speed wireless devices, we are now close to a viable wireless interconnect network for a massively parallel computer. These technologies have narrowed the gap between wireline and wireless devices. One reason why wireline data rates do not increase as fast as wireless devices is that wireline transceivers are close to reaching their performance limits [1] .
There is a separate (yet closely related) field of research in which independent agents collaborate with each other to perform a computationally heavy task. Generally referred to as Swarm Computation, it can be regarded as a variation on swarm robotics. The key issue in swarm computing (and swarm robotics in general) is to take advantage of the flexibility of the agents in configuring and re-configuring and re-configuring themselves to tackle different tasks depending on changes in circumstances (e.g., [2] ).
Among applications for such a concept is computation in hazardous or remote environments like spacecrafts [3] .
Another characteristic of such platforms is the higher level of intelligence or computation power emergent from collaboration of agents with lower intelligence. Swarm computing does have some overlap with the work presented here and offers significant potential for future avenues of work; however, the differences between these two fields should be noted. This paper presents a novel interconnect network for a massively parallel computer. Although the interconnect network we proposed can be regarded as reconfigurable in the sense that new nodes can be added to it, the topology of the network is fixed during normal operation. Moreover, the dynamic reorganization of nodes has not been considered in our work to date.
In our previous papers [4, 5] a 3D wireless grid was introduced for a novel parallel platform called A Ball Computer (ABC). It can scale easily since there is no wiring limitation. Other advantages of such a platform are significant reduction in network cost and complexity. However, there are some critical issues, such as wireless power delivery and heat dissipation. Hind [6] and Kamali [7] have investigated several options for those issues. Hind [6] has shown that there are some promising options for wireless power delivery; however, they still need to be more mature for a viable solution. This paper focuses on connectivity in the ABC and its impact on the nodes' and links' performances.
This research considers the impact of a novel combination of two concepts: wireless interconnect technology and a 3D structure with hexagonal lattice topology. However, to the best of our knowledge those concepts have been combined for such an application for the first time in our evaluations.
The ABC envisages a computer system made of balls (1-2 cm in diameter) each containing computing and communicating elements that can be rapidly and cheaply assembled. It supports a wireless 3D hexagonal lattice of a substantial number of processors, which can operate as a massively parallel platform.
In previous work [3] , our evaluations suggested that for a set of tasks and network attributes the ABC's processor utilities are comparable to modern HPC platforms. Our new work incorporates additional critical issues, specifically link utilisations, and we employ a store-and-forward packet-switching algorithm. Performance comparisons are then made between the ABC and a 5D topology (which is used in supercomputers like IBM's Blue Gene series). We will demonstrate that, when these new factors are included, for a specific set of tasks the ABC's performance is comparable to 5D topology. However, we also observe that a store-and-forward switching method has a negative impact, particularly on the link utility.
The rest of this section is dedicated to a brief review over current short-range high-speed wireless technologies and packet-switching methods. The paper continues with a brief introduction to the ABC architecture in Section 2. Results from simulation experiments are presented in Section 3. The ABC's 3D topology and a 5D topology are compared based on both link and processor performances. The paper finishes with conclusions and considers ideas for future work in Section 4.
Wireless Technologies
A wireless communication technology for the ABC's should meet some criteria over size, energy consumption and transfer rate, among others. A review of three wire-free data transfer methods is given in previous papers [4, 5, 7] .
In capacitive coupling, data is transferred using the electrical charges on a capacitor's plates. The power consumption is less than 1 pJ/b (see Figure 1a) . It occupies small area per channel. Data rates are usually very high (Myat et al.'s [8] ). It is possible to use grids of channels in parallel: 260 Gb/s using 144 channels [9] and 32 Gb/s using 128 channels [10] . Capacitive coupling rarely supports distances over 10 µm. It is highly sensitive to misalignment of facing pads of capacitors. Normalised energy needed to send a bit over (a) 1 µm using capacitive coupling; (b) 1 µm using Inductive coupling; (c) 1 mm using radio waves.
In inductive coupling, data are stored inside a coil to be transferred to a coupled coil. Data rates are in a range of gigabits per second (e.g., 1.1 Gb/s by Matsubara et al. [11] and 8 Gb/s by Miura et al. [12] ). It is possible to use grids of channels in parallel (1024 parallel links with 8 Tb/s by Miura et al. [12] ). It is very space-efficient with very low power consumption (see Figure 1b) . The links are up to a few hundred micrometres. Lower link distances, less than 10 cm, links with lower data rates (e.g., Lee et al. [13] ) are proposed for a wearable body area network.
On-chip mm wave RFs have historically suffered from their size, the power they consume, the high volume of noise added to the signal, packet collision and signal interference intensified by their long range; however, energy consumption has fallen recently (see Figure 1c) . The most popular frequency bands are 60 GHz and 120 GHz [14, 15] . A THz band is feasible [16, 17] . The occupied area per radio module differs (e.g., from 0.05 mm 2 in Foulon et al. [18] to 56 mm 2 in Miyashita et al. [19] ). Mm-wave RF is a well understood and robustly researched technology. Figure 1 collates data from a number of studies in the three aforementioned technologies. Figure 1a plots capacitive coupling technologies [8, 10, [20] [21] [22] [23] , Figure 1b summaries inductive coupling [13, [24] [25] [26] [27] [28] and Figure 1c belongs to mm-wave on-chip radios [29] [30] [31] [32] [33] [34] [35] [36] [37] . Figure 1 shows that the energy consumption in all three categories have dropped over the last 15 years. It should be noted that values in this figure are normalised and therefore cannot be 100% accurate, but the general trend of reduction in energy can be seen. Sources of this inaccuracy include differences in design, link length and bit error rate in different works.
Three categories of wireless technologies are compared against three main criteria: data rate, energy consumption and communication distance. Figure 2 shows that only a few on-chip radio devices can satisfy all the criteria. 1 Gb/s is selected for the lower limit for data rate criterion. It is hard to identify a lower limit for energy consumption. An approximated 10 pJ/b energy consumption is used as a lower limit (see [7] ). The on-chip radio devices that satisfy these criteria are listed in Table 1 . It should be noted that the results in Figure 1c do not match the distance, and data rate criteria; therefore, Figure 1c and Table 1 do not share the same results. Table 1 shows that the best energy consumption per bit per mm has been around 0.0005 pJ/bit/mm in recent years, which is approximately 0.05 pJ/bit for a 1cm distance (based on the rule of inverse square). This means the overall power consumption is in the range of 1 mW for a 20 Gb/s transceiver.
In the remainder of this paper, on-chip mm wave RF approach is utilised in our simulations, mainly because they support cm-long transfer ranges. For a review on reactive and radiative communications the reader should refer to Moore et al. [1] and Rabaey et al. [48] . In our chosen model, we assume a range of data transfer between 100 Kb/s and 1 Tb/s and a power cost below 1 pJ/bit. In current technologies, such a power consumption is realistic.
Packet-Switching
Three packet-switching methods are reviewed in this paper.
Store-and-Forward
Store-and-forward algorithms are based on the idea of relaying a message only after receiving all of it in an intermediate node. Such algorithms are easy to implement but on the negative side, the intermediate nodes leave the output channel unused until the whole package is received, which loses considerable time. In this method, the overall multi-hop transfer time relates to the number of hops, which in turn is relevant to the software and hardware latencies. This is a significant issue in direct networks.
Cut-Through
The main objective of this method is to start relaying a packet in an intermediate node before receiving the entire packet. This makes some overlap between using the input and output channels; and consequently, the link utilisation is improved, and overall parallel execution time is decreased. In practice, the output streaming starts after receiving the first 14 (or 64) bytes of incoming packet [49] .
Guaranteed continuation of data streams, in transmitter and receiver links, are needed; otherwise it may not yield satisfactory results. Handling of corrupt packets is another issue in cut-through method as the CRC (Cyclic Redundancy Check) sequence is normally the last part of a packet. This may lead to a decrease in effective link utilisation. This can be a bigger issue when dealing with wireless links in which the corruption may be detected only on the final receiver side. It may end up in a situation in which a packet is relayed in a whole chain of hops only to detect its corruption in the last hop. Another issue is the necessity of having the same transmission speed on both input and output channels; otherwise there would be no simultaneous streaming of data in and out of a node.
Wormhole
This method extends the idea of cut-through routing by introducing the concept of virtual channels (VC). It is based on the idea of splitting a packet into smaller pieces called flits (flow control digits). The first flit of a packet (the header flit) contains the data needed for routing with or without a part of real data. It can be followed by 0, 1 or more than 1 data flits. Several VCs can be associated with 1 physical channel. Each of these VCs is dedicated to the transmission of a unique packet.
The difference between flits and packets is that two packets with the same source and destination may go through different paths and may not be received in the same order as they have been sent. However, two flits of a packet always pass through the same path and in the exact order as they have been sent. Also, a packet, unlike a non-header flit, has everything needed for routing. It is the VC mechanism that handles the routing for header-less flits. On reception of a header flit in an intermediate node, proper network resources are allocated before relaying. The same resources are used for the rest of the flits of that packet. This is the algorithm of choice for many modern HPC systems like Cray's 3D torus Gemini, Dragonfly-based Aries, and Flattened Butterfly technologies. It reduces the overall software latency and increasing the throughput. Cut-through and wormhole methods try to decouple the relation between the overall transmission latency and the number of hops.
Ball Computer Architecture
In this section, two topologies are presented to implement the idea of A Ball Computer. One of these models is simulated in a simulation toolkit. The performance measurements and analyses in Section 3 are based on those simulation experiments.
3D Hexagonal Topology
A 3D hexagonal topology is chosen to implement the ABC concept. In a 3D hexagonal topology ( Figure 3b ) each node (other than edges and corners) has 12 neighbours. A face-centred cubic (FCC) formation has geometrical symmetry and reduces the space occupied by the network. It is shown that it is the most compact formation of spheres in a hexagonal topology. Gauss [50] has proven that the packing density of the spheres in FCC is
≈ 0.74048. There is still more than 25% of the volume available for cooling with a single contiguous coolant space. Table 1 shows that on-chip radio devices are the best technologies for the ABC. Apart from energy consumption, the main problem with radio devices is packet collision caused by the hidden-node problem. A multi-channel scheme is used to stop packets corrupting each other. Each node has eight radios tuned to different channels. A network partitioning and channel assignment algorithm guarantees no collision between packets.
Those algorithms are designed to eliminate packet collision and at the same time minimise the overall number of channels. The first algorithm partitions the network into zones. Inside a zone there would be no hidden nodes. Zones in 2D and 3D grids look like a triangle and a pyramid, respectively (Figures 4 and 5) . The second algorithm assigns channels to zones so that there is no signal interference between any two zones and at the same time the number of channels is minimal. These two algorithms guarantee that there would be no packet collision either inside a zone or between zones.
Depending on the range of radio communication the number of the zones may vary. Figure 6 compares the number of hops in a 5D direct network (like IBM's Blue Gene) with a 3D ABC platform with two different radio ranges. The performance of ABC is highly dependent on the number of neighbours each node can contact directly. Two cases are compared in Figure 6 . The blue graph represents the case in which each node only communicates with its direct neighbours. The radio range is bigger in the red graph so that it can directly contact its immediate neighbours as well as their respective neighbours. For small and medium-size networks (fewer than 8000 nodes), the number of hops in a 3D ABC is lower than in a 5D network. 
4D ABC Topology
A ball in a 4D topology for the ABC consists of eight independent modules ( Figure 7 ). Each'module has two processors and six transceivers. Eight modules are connected to form a cube (with chopped edges). The transceivers provide both intra-ball connectivity (between modules inside a ball) and inter-ball connections. This topology has an advantage over a formation of processors in a flat surface or in a matrix fashion in the sense that it leaves enough empty space inside a ball and holes in each side of it to let the cooling liquid flow through.
A ball (as shown in Figure 7 ) has 16 processors. They are connected as a {2 × 2 × 2 × 2} 4D hypercube (Figure 8 ). The network can only grow along the first three axes (x, y and z). Such a topology decreases the number of hops compared to the 3D topology (discussed in Section 2.1) for large networks. For the rest of this paper we only focus on the 3D ABC architecture. In the future, more research is needed to measure the performance of the 4D ABC topology. 
Simulation Results
A simulation/visualisation toolkit is implemented to measure the performance of the 3D topology (Section 2.1) of the ABC. A store-and-forward packet-switching method is used mainly for the sake of simplicity of implementation. This is an ideal-world model with zero inter-channel interference. Various sources of noise will be modelled for future work.
A network protocol is deliberately implemented in a minimal form, so that it only covers the concepts that have the highest impact on the network performance. To follow the tradition of high performance computing platforms, ABC is envisaged to operate in a restricted environment. This means that the network will have a fixed topology (with the possibility of manually adding or removing nodes). Moreover, the communication protocol is not subject to change over the course of ABC operation.
In this study, we are primarily concerned with feasibility and practical limitations based upon existing technologies; therefore, a more comprehensive bespoke electronic design process is anticipated to be a focus of future work and follow-on studies. There are important electronic design issues that deserve an extensive selection process, including what mm-wave technology to use and what type of antenna to choose so that the balls can be made with envisaged size and functionalities. These are main topics for the next phase of this research in which a real-world prototype of ABC will be built.
The results are based on experiments with a Java network simulator developed by our team. The simulator runs on an HPC platform owned by the ACAG, University of York. The transfer rates are chosen to represent the present technologies as well as potential technologies in the future; therefore, some of the transfer rates are not available now. Regarding the level of abstraction this simulator runs on, there is no need to implement the electronic details of the communication devices. What we are interested in are the transfer rate, the distance and the power consumption of the links. It should be noted that, should a different level of simulator abstraction be chosen, other features of the communication protocol would be modelled as well; however, regarding the current abstraction model, there is no need to include any other features. Also, it is the same for hardware implementation of the transceivers (e.g., antenna technology), which are outside the scope of the simulator.
Instead of real-world tasks, a high-level abstraction (referred to as a task model in this paper) is used for the simulations to keep distance from the trivial details of tasks. A task model is an artificial packet generator that mimics the communication behaviour of a class of tasks in real-world. In this paper a divide-and-conquer task model is used that is inspired by Fast Fourier Transform (FFT) operation. The FFT Task model (FFTTM) splits a bulk of data into pieces and shares it with other nodes for parallel operation. The task model uses a load balancing mechanism to tune the size of data for each node based on the overall number of hops needed. More details on the simulation tool including the communication protocol used and the architecture of each node can be found in [4, 5, 7] .
The main target of the experiments is to verify the efficiency of the routing algorithm and the FFTTM in a 5D network and a 3D ABC. The behaviour of the ABC network is measured under different network sizes, link transfer rates, processor data sizes and computational ability. At the end we can compare the performance in those topologies. In each test, eight workloads are running with overlaps over their execution time.
The performance is measured based on two categories: processor and link utilisations. The processor utilisation (PU) shows what percentage of the processors are engaged in a parallel operation on average. The link utilisation includes link busy time, link access wait time and the link effective busy time, which is the time needed to send real data (excluding packet retries, network inventory packets or a packet's header and footer).
The applied simulation methodology assumes a system containing 1000 and 2000 nodes, and therefore simulation times and resources can be demanding with certain parameters. As a result, we made use of overlapping ranges of parameters to gain a wide range of performance trends. The disadvantage is that some extreme data points are omitted from our performance curves, as can be seen in certain figures introduced later (Figure 11f and Figure 14f for example). Nonetheless, in general, the presented performance curves cover the points of interest to our analysis.
Two topologies: a 5D direct network inspired by Blue Gene topology, and a 3D ABC, are used in the experiments. Each topology is applied to both 1000 and 2000 nodes. The chosen task model is FFTTM in all experiments. Three data sizes are used (100 KB, 1 MB, and 10 MB). The transfer rates are 100 Mb/s, 1 Gb/s, 10 Gb/s, 100 Gb/s, and 1 Tb/s, respectively. The nodes' computation power is 10 MIPS, 100 MIPS, 1 GIPS, 10 GIPS, and 100 GIPS, respectively. Not all these values necessarily reflect the reality of computation or transfer capability of real-world devices. They are used only to give a picture of the performance of these two topologies over a wide range of attributes. The key variable is the ratio of the communication speed divided by the computation capability (comm/comp ratio). Our tests have shown that with small values of comm/comp ratio (0.001, 0.01 and 0.1) the performances are very poor and at the simulation time is very long. For these reasons the tests with comm/comp ratio equal to 0.001 and 0.01 (and 0.1 in some cases) are excluded from our experiments.
Processor Utilisation Analysis
A processor's computation time is estimated by the total number of simulation iterations in which the processor is busy with computation. The overall computation time is the sum of the computation times of all processors. The PU is the overall computation time divided by the number of nodes then divided by the simulation time (in iterations) expressed as a percentage.
The experiments with ABC ( Figure 9 ) show that in many cases PU increases with an increase in comm/comp ratio. It is only at a very high data rate of 1 Tb/s that PU levels (or drops a little bit) compared to 100 Gb/s. The simulated grid yields better PU with larger sizes of data. The best results (up to 84%) are achieved with 10 MB of data and the comm/comp ratio above 10,000. Regarding the available technologies (data rates between 10 to 100 Gb/s), PUs of around 60% to 80% are predicted (see blue plots in Figure 9c ,e,f). Note that a multi-channel communication scheme is envisaged for the ABC. The available bandwidth will be divided between channels which lowers the available bandwidth for each channel, and the PU will be lower as a result. The results with a 2000-node ABC (in Figure 9b ,d,f) are the same as with 1000 nodes. However, there is a decrease in PU with 2000 nodes compared to 1000 nodes. The nature of the task model and the packet-switching method can be responsible for this. Expansion of a network brings potential for an increase in PU and consequently faster task completion; however, the task model used in these simulations seems unable to take advantage of that opportunity.
The same experiments are made with a 5D grid ( Figure 10 ). The PUs in ABC and 5D grids are comparable. In some cases, the ABC performs slightly better than the corresponding experiment with 5D. Like the ABC grid, with a 5D grid the same trend of increase in PU with an increase in comm/comp ratio and data size is observed. Again (like with ABC), there is a performance plateau with some data points with a data rate = 1 Tb/s. 
Link Utilisation Analysis
OLBT (Overall Link Busy-Time) and OLWT (Overall Link Wait-Time) are two performance measures used in this paper. A link's busy time is estimated by the total simulation iterations in which a node was using that link. This estimated link busy time is calculated for each node and their summation estimates the overall link busy-time (OLBT). Overall link wait-time (OLWT) is calculated in the same way by summation of the iterations in which a node was waiting to access a link. Both measures are in milliseconds (a fixed time unit) instead of simulation iterations, which is a varying time unit. Moreover, OLBT is compared to a hypothetical non-overhead data transfer mechanism. This is an indicator of the efficiency of the communication protocol, as it shows how much communication was dedicated to real data instead of overhead, re-transmissions, ACK packets, etc. To make it possible to compare the results, the experiments are grouped in terms of data size and comm/comp ratio. It should be noted that in all experiments FFTTM is used; therefore, the results reflect the combination of task model-specific behaviours, communication protocol and network topology. Other task models are likely to produce a completely different set of results.
Overall Link Busy Time
OLBT is measured in ABC (1000 and 2000 nodes) with FFTTM (see Figure 11) . The general trend of a decrease in OLBT with an increase in data rate is observed for most data points; however, the slope of this decrease varies from point to point. In some data points corresponding with low processor capabilities, OLBT does not change much as data rate increases (e.g., parts of blue plots in Figure 11a -c and red plots in Figure 11a,b,f) . A reduction in OLBT can be caused by several factors. A majority of potential factors that may contribute to the behaviour of OLBT is fixed in ABC. Hardware design (e.g., antenna design and amplifying system) and the link distance do not change and cannot influence on OLBT. This means that the communication protocol (the store-and-forward algorithm in particular) used in the simulation cannot take advantage of very high comm/comp ratios. It is anticipated that a cut-through or wormhole mechanism will perform better. OLBT is also measured for a 5D network (Figure 12 ). The same inverse relationship between the data rate and OLBT is observed in most cases. Compared with a 5D topology, the ABC has a slightly sharper decrease in OLBT when the data rate increases. More analysis is needed to identify why in some odd cases the OLBT remains unchanged (or has a slight increase) as the data rate increases (e.g., blue plots in Figure 12a -d, but, so far, this effect can be related to the very high data rates. This means that the links are close to their hard limits of performance and an even faster transfer rate has little chance to make a real difference. OLBT has a direct relationship with the overall power consumption of a network like ABC as data transfer over radio links is an energy-demanding process. The role of OLBT in the overall execution time will be discussed later in this section by comparing the simulation results to a hypothetical non-overhead communication mechanism. 
Overall Link Wait Time
OLWT is measured on the ABC and a 5D network ( Figures 13 and 14, respectively) . Like OLBT, the decrease in OLWT because of the increase in data rate is observed for most data points in both figures. The slope of decrease in OLWT is slightly steeper for the ABC compared with a 5D network.
OLWT is an estimate of how long nodes have been waiting to access the links. Since the simulated nodes are multi-tasking, they can yield control to another task when they are waiting for link access. This makes OLWT a less crucial factor for measuring the performance of the proposed network. However, it still has importance, especially at the final stages of the simulation, when most of the nodes have only one task to finish. In this situation they have no other active task to switch to while waiting for link access. Such a wait has a direct impact on the overall execution time of the complete set of tasks. Despite OLBT, OLWT does not have a meaningful influence on the overall power consumption.
The store-and-forward packet-switching strategy adopted for this series of experiments is not the best option in the sense of link wait time. This is a major contributor to the relatively high OLWT in many of the experiments. This method was chosen only because of its simplicity of implementation. It is anticipated that the link access wait time will improve if a cut-through or wormhole technique is used. 
Simulation Results and Overhead Effects
The performance of the ABC can be affected by the task model and its packet-switching algorithm among other factors. To study the possible role the packet-switching algorithm plays in the performance, a comparison has been made between simulation results and ideal cases in which no traffic overhead exists. Anything other than real data (transferred once) is regarded as overhead. This includes the packet header, network control commands, ACK packets and packet retransmissions. Figure 15 makes this comparison in ABC platform (with 1000 and 2000 nodes). The black plot represents the ideal situation and the dots show the actual simulation measurements. The results are expressed in milliseconds rather than simulation iterations. This is to normalise simulation timescales represented in different experiments. The results should be rearranged based on the comm/comp ratio. The figure shows that in many experiments only a small share of communication is dedicated to the transmission of real data. Although the actual simulation results are close to the ideal (non-overhead) case for some data points, for other data points the difference between the ideal case and actual results is significant. This shows that the communication protocol is not efficient in some cases. Many data points in Figure 15a ,d are a lot higher than the non-overhead values. In those experiments links are busy sending a lot of overhead information instead of real data. This is not surprising because the data size in Figure 15a ,d is 100 KB. FFTTM splits the original data into a fixed number of packets regardless of the size of data; therefore, in Figure 15a ,d the packet size is small and consequently the size of packet overhead is comparable to real data. Also, the graphs show that the transmission overhead rises when the comm/comp ratio rises. Data points at the right side of all plots (Figure 15a-f) represent this situation.
The same comparison is made for a direct 5D network ( Figure 16 ). In most experiments, the gap between the ideal and actual values is even wider compared with the ABC network. This helps with identifying how much of the power consumed by the transceivers is used for real data. For most data points with both topologies and with all data sizes, the real data are responsible for just a little of the transmission power and time. A comparison between Figures 15 and 16 indicates that ABC yields even better results than 5D topology in terms of the portion of transmission dedicated to real data.
This implies that the performance can be improved by adopting a more flexible task model and, more importantly, a more effective packet-switching mechanism. This is predictable because the overall latency in all store-and-forward packet-switching algorithms (like the one used in these experiments) increases as the number of hops increases. This suggests that a cut-through or wormhole packet-switching algorithm may have a chance to improve the performance of the network through a significant decrease in both overall transmission time and power consumption. 
Conclusions and Future Work
Two topologies for a wireless interconnect network for a massively parallel computer (called A Ball Computer or the 'ABC') are presented in this paper. Considering the developments in wireless technologies during the past decade, they are close to meeting the criteria for such an application. However, this paper has shown that more improvements in transfer rate and, more importantly, in energy consumption are needed to be able to build a competitive real-world prototype of the ABC.
We have reviewed several works on mm-wave on-chip radio and showed that an energy consumption of 0.05 pJ/bit/cm has already been achieved, which means that a 20 Gb/s transceiver of this type will have an approximate power consumption of 1mW. These are promising numbers and the emergence of terahertz on-chip radio devices in the future will mean a further improvement in both data rates and power demands.
A 3D topology for the ABC concept is modelled in a simulation environment to perform experiments on the behaviour of the proposed platform under different situations. This paper has presented the performance analysis of the ABC based on processor and link utilisations. The link measurements are repeated with a simulated traditional 5D direct network (like IBM's Blue Gene topology) to have a basis for comparison. The packet-switching algorithm used in the simulation has been under scrutiny using the simulation results.
The results have shown that for a given range of network parameters the performance of the ABC is comparable to (or sometimes even better than) a 5D network. The store-and-forward packet-switching algorithm used in the simulations is believed to contribute to the drop in performance in both the ABC and 5D topologies. Choosing a cut-through or especially a wormhole algorithm can improve the link efficiency. The link and processor performance are slightly reduced when the size of the network is increased from 1000 nodes to 2000, which implies that the FFT task model used in the simulations needs to be changed to let it use the full potential of a larger network.
The experiments have also shown that switching to very high transfer rates does not always lead to a meaningful improvement in the performance. In most cases the processor utility does not increase much, but levels out or even drops when switching from 100 Gb/s to 1 Tb/s. In addition, the link busy time is sometimes unchanged after switching to 1 Tb/s. This suggests that, at least with the current packet-switching mechanism and task model, there is no need to consider data rates over 100 Gb/s. In case of using another switching algorithm or task model, this assumption may not be valid anymore.
One of the paths for future work is to abandon the principle of having static nodes and let them have freedom of movement (at least to some extent). The self-autonomy given to the nodes turns them into an agent or robot rather than just processing nodes. This touches on the idea of swarm robotics /swarm computing. The wide range of possibilities in this path is very convincing. Agents (formerly referred to as nodes) can organise themselves to fit a given task. They can collaborate and coordinate based on the assigned task and even the geography and geometry they operate in. This also touches on areas like distributed control. The applications of such a system range from modelling biological systems to social systems, robust control systems, monitoring, rescue missions, urban life management and many more.
Despite the restrictions on current wireless technologies, the results have encouraged us to undertake more research in this field. A more efficient packet-switching algorithm is needed. Then it is possible to have a more detailed picture of the role of the original packet-switching algorithm in shaping the performance of the proposed network. The task model will be modified to avoid a drop in performance when the network expands. Also, the 4D ABC topology briefly introduced in this paper will be investigated further in the future. Building a prototype of the ABC in the real world is the final goal of this research.
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